Introduction
============

Promoting bone defect repair following trauma, resection, or systemic inflammation is a great challenge for physicians. Both autografts and allografts for large-scale bone repair require invasive surgeries, and the recovery varies from one patient to another. With the rapid development of tissue engineering, adult stem cells have been revealed to accelerate bone repair and improve outcomes ([@b1-mmr-20-06-4933]--[@b5-mmr-20-06-4933]). Adipose-derived stem cells (ADSCs) possess the potential to differentiate into multiple cell lineages including osteoblasts ([@b6-mmr-20-06-4933],[@b7-mmr-20-06-4933]). Notably, since ADSCs can be easily accessed from fatty tissue and the procedure causes minimal discomfort compared to procedures used to obtain other types of adult stem cells, ADSCs are emerging as a competitive adult stem cell source for bone defect repair ([@b7-mmr-20-06-4933]--[@b9-mmr-20-06-4933]). Furthermore, surface markers of ADSCs have been well-characterized, providing standardized protocols for their isolation and characterization ([@b10-mmr-20-06-4933]). More importantly, ADSCs are capable of secreting trophic factors that facilitate bone repair *in situ* ([@b11-mmr-20-06-4933],[@b12-mmr-20-06-4933]). However, it is critical to induce ADSCs with external cues to initiate osteogenic differentiation and to simultaneously inhibit non-osteogenic routes, such as adipogenic differentiation.

Osteogenic differentiation of ADSCs is elaborately regulated by genetic networks and external stimuli. Bone morphogenetic protein (BMP) signaling, extracellular signal-regulated kinase (ERK) signaling, Wnt signaling, and Notch signaling have all been revealed to be involved in the regulatory network of ADSC differentiation ([@b13-mmr-20-06-4933]--[@b16-mmr-20-06-4933]). Recently, several bio-active molecules were revealed to play roles in regulating ADSC differentiation. A histone deacetylase inhibitor was revealed to have a pro-osteogenic effect on rat ADSCs by inducing histone hyper-acetylation at the promoter region of Runx2 ([@b17-mmr-20-06-4933]), a well-characterized factor that controls the osteogenic differentiation of ADSCs ([@b18-mmr-20-06-4933]--[@b20-mmr-20-06-4933]). Notably, melatonin and vitamin D were demonstrated to inhibit adipogenic differentiation of human ADSCs ([@b21-mmr-20-06-4933]), further revealing that the differentiation of ADSCs during clinical bone repair or other clinical events can potentially be modulated by bio-active molecules.

Exendin-4 is a biologically active peptide with a length of 39 amino acids originally isolated from the venom of *Heloderma suspectum*, the Gila monster lizard. It was initially revealed to promote amylase release from the pancreatic acini of both guinea pigs and rats. Exendin-4 belongs to the glucagon superfamily of peptide hormones whose function can be antagonized by the exendin receptor inhibitor exendin ([@b9-mmr-20-06-4933]--[@b39-mmr-20-06-4933]) ([@b22-mmr-20-06-4933]--[@b24-mmr-20-06-4933]). The synthetic version of exendin-4, exenatide, was approved in 2005 for treatment of type 2 diabetes by improving glycemic control ([@b25-mmr-20-06-4933],[@b26-mmr-20-06-4933]). Notably, the murine receptor for exendin-4 is essential for the control of bone resorption, as evidenced by GLP-1 receptor knockout mice ([@b27-mmr-20-06-4933]). Moreover, exendin-4 also exhibited a protective role in osteopenia by promoting bone formation and inhibiting bone resorption ([@b28-mmr-20-06-4933],[@b29-mmr-20-06-4933]). Recently, accumulating evidence has demonstrated different roles of exendin-4 in osteogenic differentiation. In MC3T3-E1 cells, treatment with exendin-4 promoted proliferation and differentiation by upregulating the phosphorylation level of the MAPK (mitogen-activated protein kinase) signaling kinases ERK1/2, p38, and JNK ([@b30-mmr-20-06-4933]), suggesting a role of exendin-4 in regulating osteogenic differentiation. Furthermore, exendin-4 treatment could not only protect bone marrow stromal stem cells (BMSCs) from mitogen-deprivation-induced apoptosis ([@b31-mmr-20-06-4933]) but also promoted osteogenic differentiation and inhibited adipogenic differentiation of BMSCs by regulating PKA (Protein Kinase A)/β-catenin signaling ([@b32-mmr-20-06-4933]). Notably, a recent study revealed that exendin-4 inhibited lipopolysaccharide-induced osteoclast formation and bone resorption via inhibition of TNF-α expression in macrophages ([@b33-mmr-20-06-4933]). Collectively, the data indicate that exendin-4 holds great promise for promoting osteogenic differentiation in adult stem cells and facilitating bone repair.

In the present study, the role that exendin-4 plays in ADSC-mediated bone defect repair *in vivo* was examined by establishing a corresponding mouse bone defect model. In addition, osteogenic and adipogenic differentiation of ADSCs both *in vivo* and *in vitro* under exendin-4 supplementation were investigated and it was revealed that exendin-4 promoted the osteogenic differentiation of ADSCs. Moreover, the present results also indicated that exendin-4 treatment increased the mRNA and protein levels of genes related to osteogenic differentiation. The present data further indicated the clinical potential of exendin-4 in improving the osteogenic differentiation of ADSCs, which holds great promise for bone defect repair based on tissue engineering.

Materials and methods
=====================

### ADSC isolation

All animal experiments were performed in accordance with the guidelines of the NIH (Publication no. 85e23 Rev. 1985) and were approved by the Animal Care and Use Committee of The Fourth Military Medical University. C57 mice were purchased from the Animal Center of The Fourth Military Medical University, and housed in an environmentally controlled room (20--25°C) with a 12 h light/dark cycle and free access to food and water. Inguinal fat pads from C57 black/DBA male mice (3 months) were finely minced and digested with 0.2% collagenase type I in a 37°C shaking incubator for 45 min. The digested tissue was filtered through a sterile 100-µm nylon mesh, centrifuged (300 × g at 37°C for 8 min), resuspended, and cultured in regular growth medium, consisting of α-minimum essential medium (α-MEM; HyClone; GE Healthcare Life Sciences), 10% fetal bovine serum (FBS; Gibco BRL; Thermo Fisher Scientific, Inc.), and penicillin/streptomycin (Sigma-Aldrich; Merck KGaA). Cell cultures were maintained at 37°C in a humidified incubator with 5% CO~2~. Passage 3 cells were used for identifying ADSC phenotypes and for the following experiments.

### Bone defect model

The mouse model of metaphyseal defect of the femur was established as previously described ([@b34-mmr-20-06-4933]). Briefly, C57 black/DBA male mice (3 months, weight 23--27 g, n=24) were used to establish the bone defect model under anesthesia via an intraperitoneal injection of 300 mg/kg avertin (Sigma-Aldrich; Merck KGaA) ([@b35-mmr-20-06-4933],[@b36-mmr-20-06-4933]). Anesthetic depth was confirmed by dilated pupils, loss of pain, loss of palpebral reflex and corneal reflexes present. The side effect of avertin, intestinal ileus, was not observed in these experiments. After making a 10-mm incision, a blunt 0.9 mm drill was used to drill through the anterolateral cortical bone into the metaphyseal cancellous bone to generate a round defect at the supracondylar region of the right femur. The right hind limbs of three-month-old wild-type animals were used as the control group. Hydrogels combined with 3×10^5^ ADSCs were injected into the defective site after the operation. Exendin-4 (Sigma-Aldrich; Merck KGaA) was administered intraperitoneally at 4.2 µg/kg/day, as previously described ([@b37-mmr-20-06-4933]). The mice were sacrificed by cervical dislocation at day 60 following the surgery.

### Bone imaging

Femurs were removed from sacrificed mice for micro-computed tomography (µCT) analysis and biomechanical testing. The samples were scanned using the Explore Locus SPPre-clinical Specimen Micro-CT (GE Healthcare Life Sciences), and the images were reconstructed to an isotropic voxel size of 12 µm. All three-dimensional (3D) image manipulations and analyses were performed by the system software (MicroView, v.2.1; GE Healthcare Life Sciences).

### Histomorphometry and histology

Mice were injected intraperitoneally with 25 mg/kg tetracycline and 5 mg/kg calcein (both from Sigma-Aldrich; Merck KGaA) 10 days later for histomorphometric analysis. For hematoxylin and eosin (H&E) staining, paraffin sections were prepared. Four-micrometer-thick sections were stained with H&E (Sigma; Merck KGaA; 37°C, 30 min) to count the adipocytes.

### Immunohistochemistry

Briefly, serial paraffin sections (5 µm) were prepared, deparaffinized, and incubated in 3% H~2~O~2~ to block native peroxidases, followed by incubation at room temperature for 30 min with non-immune animal serum. Immune-histochemical reactions using antibodies reactive against COL-1 (1:500, cat. no. ab109025; Abcam), CD29 (1:1,000, cat. no. 102225), or Sca-1 (1:1,000, cat. no. 122504; both from BioLegend, Inc.) were conducted at 4°C overnight, followed by horseradish peroxidase (HRP)-conjugated secondary antibody (1:1,000, cat. no. ab6721; Abcam) treatment for 30 min, and washing with phosphate-buffered saline. Antibody binding was detected using an SP immunohistochemistry kit (Abcam) and DAB Horseradish Peroxidase Color Development kit (Thermo Fisher Scientific, Inc.).

### Reverse transcription-quantitative (RT-q) PCR

For each sample, 500 ng of total RNA was reverse-transcribed using the QuantiTect reverse transcription kit (Qiagen GmbH). The resulting complementary DNA was diluted 40 times and RT-qPCR was performed using an ABI StepOne plus Real-Time PCR System, with 96-well optical reaction plates (both from Applied Biosystems; Thermo Fisher Scientific, Inc.). Amplification was performed at 95°C for 10 sec, followed by 40 cycles at 95°C for 5 sec, and 60°C for 20 sec. Gene expression levels were calculated with the 2^−ΔΔCq^ method ([@b38-mmr-20-06-4933]). The following primer sequences were used: GAPDH, forward 5′-GCTGAGTATGTCGTGGAGT-3′ and reverse 5′-GTTCACACCCATCACAAAC-3′; Runx-2, forward 5′-CCCAGCCACCTTTACCTACA-3′ and reverse 5′-TGGGAACTGATAGGATGCTG-3′; ALP, forward 5′-CCGCCTGATCAAGTTCTCCT-3′ and reverse 5′-TTCAGATGATCCATGCGGGG-3′; COL-1A1, forward 5′-CGTCAGCTCGTGTCCTGTGA-3′ and reverse 5′-AGCTTGAGTAGCCATTGTCCA-3′; OPG, forward 5′-GTCCCTTGCCCTGACCACTCTT-3′ and reverse 5′-AACGCCCTTCCTCACACTCACA-3′; Osterix, forward 5′-CTGCAACTGGCTTTTCTGC-3′ and reverse 5′-CAGCTCCTTAGGGCCACTT-3′; PPARγ, forward 5′-CATCGAGGACATCCAAGACA-3′ and reverse 5′-TCTGTGACGATCTGCCTGAG-3′.

### Western blot analysis

Proteins were obtained with the radioimmunoprecipitation assay lysis buffer (RIPA; Sigma-Aldrich; Merck KGaA) and subsequent centrifugation at 13,000 × g for 20 min at 4°C. Protein concentration was determined by the BCA method. Proteins (20 µg protein per lane) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on a 10% gel and transferred onto a nitrocellulose membrane (EMD Millipore). The membrane was blocked with 5% skim milk in TBST (20 mM Tris-HCl, 150 mM NaCl, and 0.1% Tween 20, pH 7.5) for at least 1 h and then incubated with each primary antibody overnight at 4°C. The membranes were washed with TBST buffer at least five times for 5 min each, and incubated with the individual horseradish peroxidase (HRP)-conjugated secondary antibody (1:1,000, cat. no. ab6721; Abcam) for 1 h at room temperature. The protein bands were visualized using an enhanced chemiluminescence (ECL) system (Amersham; GE Healthcare). Equal loading of samples was verified by immunoblotting of β-actin (Abcam) or GAPDH (Abcam) for total fraction, and TFIIB for nuclear fraction as previously described ([@b39-mmr-20-06-4933]). The primary antibodies against OPG (1:1,000, cat. no. ab124820), COL-1 (1:500, cat. no. ab109025), ALP (1:1,000, ab83259), Osterix (1:500, cat. no. ab22552), Runx-2 (1:1,000, ab23981), PPARγ (1:1,000, cat. no. ab59256), p-GSK3β (1:500, cat. no. ab68476), GSK-3β (1:1,000, cat. no. ab32391), p-β-catenin (1:500, cat. no. ab27798), β-catenin (1:1,000, ab223075), p-p38 MAPK (1:1,000, cat. no. ab4822), p38 MAPK (1:1,000, cat. no. ab170099), and Wnt3a (1:500, cat. no. ab219412) were purchased from Abcam. The expressions of targeted proteins were quantified by densitometry using ImageJ software (version 1.49; National Institutes of Health).

### ADSC differentiation

ADSCs were induced to differentiate to osteogenic and adipogenic lineages as previously described ([@b40-mmr-20-06-4933]). For osteogenic differentiation, confluent cells were incubated in Dulbecco\'s modified Eagle\'s medium (DMEM) with 10% FBS (both from Gibco; Thermo Fisher Scientific, Inc.), 0.1 µM dexamethasone (MCE, USA), 100 µg/ml ascorbate (MCE), and 10 mM β-glycerophosphate (Sigma-Aldrich; Merck KGaA). After 3 weeks, the cells were fixed in ice-cold 70% ethanol for 1 h, washed with deionized water, and stained with 1% alizarin red (Sigma; Merck KGaA) for 5 min at 37°C.

For adipogenic differentiation, ADSCs were cultured to confluence for 3 days and then incubated in DMEM with 10% FBS, 10 ng/ml insulin (Sigma; Merck KGaA), 500 mM 3-isobutyl-1-methylxanthine (Sigma; Merck KGaA), 1 mM dexamethasone (MCE), and 1 mM rosiglitazone (Sigma; Merck KGaA). After 3 weeks, the cells were fixed with 4% paraformaldehyde (PFA), washed with 60% isopropanol for 5 min, and stained with oil red O (0.25% wt/vol; Sigma; Merck KGaA) for 10 min. After staining, cells were washed several times with deionized water.

### Statistical analysis

Data are presented as the means ± SD from at least three separate experiments. To assess the significance of differences between two groups, Student\'s t-test was performed. Results for more than two groups were evaluated by one-way ANOVA followed by Bonferroni\'s post hoc test. Statistical calculations were performed using SPSS 20.0 (IBM Corp., USA). A P-value of \<0.05 indicated a statistically significant difference (\*P\<0.05, \*\*P\<0.01, and \*\*\*P\<0.001, as indicated in the figures).

Results
=======

### Exendin-4 facilitates ADSC-mediated bone repair

In order to elucidate the effect of exendin-4 on bone defect repair, we previously established a bone-defect model in the distal metaphysis of the femur ([@b34-mmr-20-06-4933]). Compared to the control group, the bone-defect group exhibited significantly decreased bone/tissue volume, trabecular bone thickness, and trabecular bone number, as well as a significant increase in trabecular bone space, indicating that the bone defect model was successfully established ([Fig. 1A and B](#f1-mmr-20-06-4933){ref-type="fig"}). When ADSCs were introduced into the wound, a significant increase in bone volume/tissue volume and trabecular bone score was observed compared to the non-treated bone-defect group ([Fig. 1A and B](#f1-mmr-20-06-4933){ref-type="fig"}), suggesting a role of ADSCs in repairing the defective bones. Notably, defective bones that received both ADSCs and exendin-4 markedly recovered, as evidenced by the bone volume/tissue volume, trabecular bone thickness, and trabecular bone space that were statistically similar to those of the non-injured control group ([Fig. 1A and B](#f1-mmr-20-06-4933){ref-type="fig"}). In addition, the mineral apposition status was visualized by calcein and tetracycline labeling, and the results revealed that defective bones that received both ADSCs and exendin-4 had an identical mineral apposition status to that of the control group ([Fig. 1C](#f1-mmr-20-06-4933){ref-type="fig"}).

### Exendin-4 promotes the generation of osteoblasts during bone defect repair

To reveal the cellular mechanism through which exendin-4 facilitates bone repair, the osteogenic and adipogenic differentiation in defective bones subjected to ADSC and exendin-4 treatments were analyzed using immunohistochemical staining. Positive staining for COL-1 was significantly decreased in the defective bones, while ADSC administration improved the level of COL-1-positive staining. Notably, COL-1-positive signals in the defective bones treated with ADSCs and exendin-4 were comparable to those of the control group ([Fig. 2A and B](#f2-mmr-20-06-4933){ref-type="fig"}). The number of ADSCs were also examined in the defective bones after various treatments by immunohistochemical staining for CD29 and Sca-1, two molecular markers of ADSCs. The present results revealed a reduced number of ADSCs in defective bones, while exendin-4 treatment significantly attenuated the loss of ADSCs resulting from bone defects ([Fig. 2C and D](#f2-mmr-20-06-4933){ref-type="fig"}). Concurrently, H&E staining revealed that the number of adipocytes was reduced in the defective bones treated with ADSCs and exendin-4 ([Fig. 2A](#f2-mmr-20-06-4933){ref-type="fig"}). Collectively, the present results revealed that exendin-4 promoted the generation of osteoblasts and inhibited the generation of adipocytes.

### Exendin-4 induces the expression of genes related to osteogenic differentiation

Since exendin-4 treatment significantly promoted osteogenic differentiation, the expression of genes related to osteogenic differentiation at both the protein and mRNA levels were next examined. The protein levels of osteoprotegerin (OPG), COL-1, alkaline phosphatase (ALP), Osterix, and Runx-2, all of which are closely related to bone metabolism, were first assessed ([@b41-mmr-20-06-4933]--[@b45-mmr-20-06-4933]). The present results revealed that the protein levels of OPG, COL-1, ALP, Osterix, and Runx-2 were significantly decreased in the defective bones, and ADSC treatment had little effect on the expression of these proteins in the defective bones. However, when the defective bones received both ADSCs and exendin-4 treatment, the decrease in protein levels of OPG, COL-1, ALP, Osterix, and Runx-2 was significantly abolished ([Fig. 3A and B](#f3-mmr-20-06-4933){ref-type="fig"}, P\<0.05 vs. the bd group). Notably, it was observed that ADSC supplementation alone rescued the expression of OPG, and administration of exendin-4 further increased the protein levels of OPG ([Fig. 3A and B](#f3-mmr-20-06-4933){ref-type="fig"}). These data indicated that administration of exendin-4 increased the protein levels of genes related to osteogenic differentiation. The mRNA levels of OPG, COL-1, ALP, Osterix, OPG, and Runx-2 were also examined, and it was revealed that they were in agreement with the protein levels of the respective genes ([Fig. 3C](#f3-mmr-20-06-4933){ref-type="fig"}).

### Exendin-4 promotes osteogenic differentiation in vitro

To further validate the pro-osteogenic role of exendin-4, ADSCs were isolated and their differentiation *in vitro* was examined under exendin-4 treatment. First, the characteristics of cultured ADSCs were verified using flow cytometry, and the results revealed that the cells were positive for the mesenchymal stem cell marker CD29 and the ADSC marker Sca-1. Concurrently, the *in vitro*-cultured cells were negative for CD34 and CD45, indicating that the isolated cells maintained ADSC characteristics ([Fig. 4A](#f4-mmr-20-06-4933){ref-type="fig"}). Then *in vitro* osteoblast differentiation was induced with osteoblast induction medium (OIM). The results revealed that administration of exendin-4 increased the osteogenic differentiation *in vitro* and notably, when exendin-4 was antagonized by its specific antagonist Ex ([@b9-mmr-20-06-4933]--[@b39-mmr-20-06-4933]), the osteogenic differentiation of ADSCs *in vitro* was significantly impaired ([Fig. 4B](#f4-mmr-20-06-4933){ref-type="fig"}). In addition, the adipogenic differentiation was also induced with adipose induction medium (AIM) *in vitro*. The results revealed that adipogenic differentiation was markedly inhibited by exendin-4. However, when exendin-4 was antagonized by Ex ([@b9-mmr-20-06-4933]--[@b39-mmr-20-06-4933]), adipogenic differentiation increased ([Fig. 4C](#f4-mmr-20-06-4933){ref-type="fig"}).

The expression levels of genes related to osteogenic differentiation were next examined in the *in vitro*-cultured ADSCs. As anticipated, the expression levels of the relevant genes, OPG, COL-1, ALP, Osterix, and Runx-2, were all increased at both the protein and the mRNA levels when the cells were treated with exendin-4 ([Fig. 5A-C](#f5-mmr-20-06-4933){ref-type="fig"}). Concurrently, peroxisome proliferator-activated receptor-g (PPARγ), a molecular marker that indicates adipogenic differentiation, was significantly downregulated at both the mRNA and protein level when ADSCs were treated with exendin-4 ([Fig. 5A-C](#f5-mmr-20-06-4933){ref-type="fig"}). Collectively, the present data indicated that exendin-4 promoted osteogenic differentiation and inhibited adipogenic differentiation *in vitro*.

To further understand how exendin-4 regulates ADSCs, the levels of GSK3β, phosphorylated (p)-GSK3β, p38 MAPK, p-p38 MAPK, β-catenin, p-β-catenin, and Wnt3a were examined. Notably, administration of exendin-4 significantly increased the levels of Wnt3a and β-catenin, as well as nuclear localization of β-catenin ([Fig. 6A-C](#f6-mmr-20-06-4933){ref-type="fig"}), which corresponds to previous study ([@b46-mmr-20-06-4933]). Moreover, the present results revealed that p-p38 MAPK and p-GSK3β were significantly upregulated when ADSCs were treated with exendin-4 ([Fig. 6A and B](#f6-mmr-20-06-4933){ref-type="fig"}) indicating that exendin-4 exhibited identical function as in the neuronal system ([@b47-mmr-20-06-4933],[@b48-mmr-20-06-4933]). These alterations in critical signaling pathways may induce indirect regulation of the expression of genes related to osteogenic differentiation. Hence, the present data demonstrated that multiple signaling pathways were involved in exendin-4-mediated ADSC differentiation.

Discussion
==========

A key to the successful application of ADSCs in bone tissue regeneration is to accurately adjust the cell differentiation after effective delivery. In the present study, the glucagon-like peptide 1 receptor agonist exendin-4, which promoted osteogenic differentiation of ADSCs both *in vitro* and *in vivo* was characterized and the transcription of genes related to osteogenic differentiation was induced. The present results revealed that exendin-4 facilitated bone repair in mice injected with ADSCs after a large-scale bone defect *in vivo*, indicating that exendin-4 is a promising candidate for assisting in the repair of bone defects using adult stem cells.

Several types of adult stem cells have demonstrated potential in bone tissue engineering ([@b5-mmr-20-06-4933],[@b7-mmr-20-06-4933]), however, ADSCs display multiple advantages among the various types of adult stem cells. The abundance of ADSCs is higher than that of other adult stem cells and it is easier to obtain these cells ([@b49-mmr-20-06-4933],[@b50-mmr-20-06-4933]). The role of ADSCs in promoting bone regeneration has been revealed for a long time ([@b51-mmr-20-06-4933],[@b52-mmr-20-06-4933]), and several supplements that were used to induce osteogenic differentiation of BMSCs also promoted osteogenic differentiation of ADSCs *in vitro* ([@b53-mmr-20-06-4933]--[@b55-mmr-20-06-4933]). In the present study, it was demonstrated that exendin-4, a clinically approved drug for type 2 diabetes treatment, facilitated the osteogenic differentiation of ADSCs both *in vivo* and *in vitro*. In a rat bone loss model caused by mechanical unloading, exendin-4 was revealed to improve bone mass and bone strength during the natural bone healing process ([@b32-mmr-20-06-4933]). In exendin-4-induced bone reconstruction, a significant increase in osteoblasts generated by BMSC was observed ([@b32-mmr-20-06-4933]). The present results further revealed the pro-osteogenic role of exendin-4 in ADSC-based bone repair, which not only agreed with previous research but further demonstrated a clinical application prospect for exendin-4 in tissue engineering-based bone repair.

Exendin-4 promotes osteogenic differentiation through various molecular mechanisms. The present results revealed that both mRNA and protein levels of Runx-2, Osterix, APL, COL-1, and OPG were significantly increased in the regenerating bones *in situ* ([Fig. 3](#f3-mmr-20-06-4933){ref-type="fig"}). However, the addition of ADSCs alone did not result in a marked increase in Runx-2 and Osterix at the protein level, suggesting that exendin-4 is partially required to trigger a complete osteogenic differentiation. Although, evidence to illustrate the detailed mechanism of how these genes were transcriptionally activated was not obtained, the present results revealed that multiple critical signaling pathways were altered when exendin-4 was administered, including GSK3β, MAPK, and Wnt/β-catenin signaling. These signals have been revealed to promote osteogenic differentiation by increasing the expression of genes including Runx-2, Osterix, APL, COL-1, and OPG ([@b56-mmr-20-06-4933]). These alterations may indirectly contribute to the expression changes of genes related to osteogenic differentiation. Notably, the present data also indicated that the induction of osteogenic differentiation by exendin-4 depends on transcriptional activation of genes related to osteogenic differentiation ([Fig. 3](#f3-mmr-20-06-4933){ref-type="fig"}). Thus, it is crucial to characterize the downstream signaling activated by exendin-4 in ADSCs to further understand the detailed molecular mechanism and guide clinical applications. Meng *et al* suggested that exendin-4 treatment induced the expression and nuclear localization of β-catenin in BMSCs, which in turn further directed the differentiation of BMSCs ([@b32-mmr-20-06-4933]). In addition, the present data also revealed that exendin-4 significantly promoted osteogenic differentiation and inhibited adipogenic differentiation *in vitro*, providing a unified cellular model to study the underlying molecular mechanisms.

Since exendin-4 has been approved as an orally administered medication, its use in conjunction with genetically modified stem cells and other bio-active molecules provides new perspectives for bone healing. Jin *et al* reported that the ERK signaling pathway balanced the osteogenesis and adipogenesis of ADSCs during bone defect repair ([@b14-mmr-20-06-4933]). Moreover, epigenetic modifications and basic fibroblast growth factor (bFGF) signaling were also revealed to be critical to improve bone defect repair using BMSCs ([@b57-mmr-20-06-4933],[@b58-mmr-20-06-4933]). The combined use of inhibitors or agonists of these signaling pathways may provide fine tuning of ADSC proliferation and differentiation, which may finally satisfy the needs of various bone repair technologies. Recent studies also suggested that miR-146a-regulated osteogenesis of ADSCs can be adjusted through the BMP signaling pathway during bone regeneration ([@b59-mmr-20-06-4933]). Furthermore, miR-342-3p was reported to increase osteogenic differentiation of umbilical cord mesenchymal stem cells ([@b60-mmr-20-06-4933]). Based on these findings, it will be of great significance to combine exendin-4 and miRNAs to develop practical therapies for bone regeneration.

In summary, the present results demonstrated that exendin-4 promoted the osteogenic differentiation of transplanted ADSCs *in situ*, which in turn repaired the defective bones. In addition, exendin-4 inhibited the adipogenic differentiation of transplanted ADSCs to guarantee eventual bone formation. The present data further revealed the clinical potential of ADSCs in tissue engineering-based bone defect repair and characterized the role of exendin-4 in facilitating the osteogenic differentiation of transplanted ADSCs.
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![Exendin-4 facilitates bone defect repair. (A) Representative micro-computed tomography (µCT) scanning results of control mice bone (Con; n=6), defective bone (bd; n=6), defective bone receiving ADSCs (bd+ADSCs; n=6), and defective bone receiving ADSCs and exendin-4 (bd+ADSCs+Ex-4; n=6). (B) Quantitative presentation of microarchitectural parameters of control mice bone (Con; n=6), defective bone (bd; n=6), defective bone receiving ADSCs (bd+ADSCs; n=6), and defective bone receiving ADSCs and exendin-4 (bd+ADSCs+Ex-4; n=6). Error bars represent the mean ± SD. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001. (C) Calcein and tetracycline double staining of control mice bone (Con; n=6), defective bone (bd; n=6), defective bone receiving ADSCs (bd+ADSCs; n=6), and defective bone receiving ADSCs and exendin-4 (bd+ADSCs+Ex-4; n=6). ADSCs, adipose-derived stem cells.](MMR-20-06-4933-g00){#f1-mmr-20-06-4933}

![Exendin-4 promotes osteogenic differentiation and inhibits adipogenic differentiation. (A) Representative immunohistochemical results of COL-1, CD29, Sca-1, and H&E staining in bones with different treatments. Magnification, ×200. (B) Quantification of COL-1-positive cells. No. of OB/FV, number of osteoblasts/field of view. (C) Quantification of CD29-positive cells. No. of OB/FV, number of osteoblasts/field of view. Error bar represent the mean ± SD. (D) Quantification of Sca-1-positive cells. No. of OB/FV, number of osteoblasts/field of view. Error bar represent mean ± SD. \*P\<0.05 and \*\*P\<0.01 vs. the Con group. COL-1, collagen 1; ADSCs, adipose-derived stem cells.](MMR-20-06-4933-g01){#f2-mmr-20-06-4933}

![Exendin-4 induces expression of genes related to bone formation. (A) Protein expression levels of bone formation-related genes in bones with different treatments. (B) Quantification results of the protein expression levels of bone formation-related genes in bones administered different treatments. (C) mRNA expression levels of bone formation-related genes in bones administered different treatments. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001 vs. control; ^\#^P\<0.05 vs. bd group. OPG, osteoprotegerin; COL-1, collagen 1; ALP, alkaline phosphatase; ADSCs, adipose-derived stem cells.](MMR-20-06-4933-g02){#f3-mmr-20-06-4933}

![Exendin-4 promotes osteogenic differentiation *in vitro*. (A) Immuno-characterization of FACS-sorted. Sorted cells revealed high expression levels of ADSC-positive markers CD29 and Sca-1 and were negative for CD34 and CD45. (B) *In vitro* induction of osteogenic differentiation with ADSCs. Magnification, ×200. (C) *In vitro* induction of adipogenic differentiation with ADSCs. Magnification, ×200. ADSCs, adipose-derived stem cells; OIM, osteoblast-inducing medium; Ex ([@b9-mmr-20-06-4933]--[@b39-mmr-20-06-4933]), an antagonist of exendin-4; AIM, adipose-induced medium.](MMR-20-06-4933-g03){#f4-mmr-20-06-4933}

![*In vitro* induction of bone formation-related genes by exendin-4. (A) Protein expression levels of bone formation-related genes from *in vitro*-cultured ADSCs administered different treatments. (B) Quantification results of the protein expression levels of bone formation-related genes from *in vitro*-cultured ADSCs administered different treatments. (C) mRNA expression levels of bone formation-related genes (OPG, COL-1, ALP, Osterix, PPARγ and Runx-2) from *in vitro*-cultured ADSCs administered different treatments. ADSCs, adipose-derived stem cells; OPG, osteoprotegerin; COL-1, collagen 1; ALP, alkaline phosphatase; PPARγ, peroxisome proliferator-activated receptor-γ. \*\*P\<0.01.](MMR-20-06-4933-g04){#f5-mmr-20-06-4933}

![Exendin-4 promotes ADSC differentiation through PI3K and Wnt signaling pathways. (A) The levels of relative proteins in the ADSCs were determined by western blotting. (B) Quantitative results were normalized against GAPDH levels. Values are presented as the group mean ± SEM (n=3). (C) Nuclear localization of β-catenin. \*P\<0.05 vs. the ADSC group. ADSC, adipose-derived stem cell.](MMR-20-06-4933-g05){#f6-mmr-20-06-4933}
